arXiv:astro-ph/0401016 v1 4 Jan 2004

An exact model of conformal quintessence

Luis P. Chimento^∗,^1 Alejandro S. Jakubi^†,^1 and Diego Pavón^{‡2} 1Departamento de Física, Universidad de Buenos Aires, 1428 Buenos Aires, Argentina 2Departamento de Física, Facultad de Ciencias, Universidad Autónoma de Barcelona, 08193, Bellaterra (Barcelona), Spain

Abstract

A non–minimally coupled quintessence model is investigated and the conditions for a stationary solution to the coincidence problem are obtained. For a conformally coupled scalar field and dissipative matter, a general solution possessing late acceleration is found. It fits rather well the high redshift supernovae data and gives a good prediction of the age of the Universe. Likewise, the cold dark matter component dominates the cosmological perturbations at late times albeit they decrease with expansion.

∗ Electronic mail address: chimento@df.uba.ar † Electronic mail address jakubi@df.uba.ar ‡ Electronic mail address: diego.pavon@uab.es

I. INTRODUCTION

After some years of research, the accelerated expansion of the Universe appears to have gained further ground [1] but the nature of dark energy -the substratum behind this acceleration- remains as elusive as ever [2, 3]. While one may expect that one or other of the dark energy candidates (a very small cosmological constant [4], quintessence [5], Chaplygin gas [6], tachyon field [7], interacting quintessence [8, 9], non-minimally coupled quintessence [10, 11], etc) will finally emerge as the successful model, at the time being none of them is in position to claim such status.

In introducing dark energy as a novel component most of these candidates encounter the so–called “coincidence problem,” namely, “why are the energy densities of both components (dark energy and dark matter) of the precisely same order today?” As shown by the authors, this problem has a dynamical solution provided that the dark matter component is assumed to be dissipative [12] or interacts with the dark energy [8]. In such a case, it can be demonstrated that the equations governing the cosmic evolution imply the stationary condition (Eq. (10) below) and that the system is attracted to a stationary and stable solution characterized by the constancy of both density parameters, i.e., Ω_m and Ω_ϕ tend to constant values at late times.

The aim of this paper is to provide an exact quintessence model, non–minimally coupled to the Ricci curvature. Non–minimal coupling naturally arises in generalizing the Klein– Gordon equation from Minkowski space to a curved space -for a recent review on this subject and further motivations, see Ref. [13]. We believe it is rather reasonable to explore whether a non–minimal coupling of the scalar field acting as dark energy to the Ricci curvature may be of help to understand the present stage of accelerated expansion and shed some light into the nature of the dark component. As a first step toward weighing the contribution of the coupling to the evolution of the Universe we shall consider the simplest case of a non–minimally coupled quintessence with a constant potential. As it turns out, there is a stationary solution that ensures that for late times the ratio between both energy densities remains a constant while the Universe asymptotically approaches a de Sitter expansion. In this late regime, the density perturbations of large wavelength decrease and are dark matter dominated. Further, our results are consistent with the high redshift supernovae data and provide a very reasonable estimate of the age of the Universe.

Section II presents our model which, aside from the non-minimally coupled scalar field, introduces a dissipative pressure in the dark matter fluid; this pressure turns out to be key for the solution of the coincidence problem. Section III derives the statefinder parameters as well as the age of the Universe. Section IV studies the observational constraints on our model imposed by the high redshift supernova data. Section V investigates the long wavelength density perturbations. Finally, section VI summarizes our findings. As usual, a subindex zero indicates that the corresponding quantity must be evaluated at the present time. We have chosen units so that c = 8πG = 1.

II. CONFORMALLY COUPLED SCALAR FIELD

Let us consider a Friedmann–Lemaître–Robertson–Walker (FLRW) spacetime filled with two components, namely, dissipative matter and a non-minimally coupled quintessence field. The equation of state of the first component is of baryotropic type p_m = (γ_m − 1)ρ_m, where the baryotropic index of matter is restricted to the range 1 ≤ γ_m ≤ 2. In addition to this equilibrium pressure the matter component is assumed to have a non–equilibrium (dissipative pressure) π connected to entropy production. It should be noted that barring superfluids (as Helium superfluid), this quantity is ever–present in every matter fluid found in Nature and is negative for expanding fluids [14]. In the case at hand, it may either come from interactions within the dark matter, or the decay of dark matter particles into dark particles [15], or from the non–linear growth of cosmic structures [16], and it proves crucial to solve the coincidence problem. Likewise, the equation of state of the quintessence component can be written as p_ϕ = (γ_ϕ − 1)ρ_ϕ with γ_ϕ < 1.

The Friedmann equation and the conservation equations for the matter fluid and quintessence read

3H^2 + 3 K a^2

= ρ_m + ρ_ϕ (K = 1, 0, −1), (1)

ρ̇_m + 3H(γ_mρ_m + π) = 0, (2) ϕ̈ + 3Hϕ̇ + ξRϕ + dV (ϕ) dϕ = 0, (3)

where ξ denotes the non-minimal coupling constant and the Ricci curvature scalar R is related to the quintessence scalar field by [10], [11] [ 1 − ξ(1 − 6ξ)ϕ^2 ] R = −(1 − 6ξ)ϕ̇^2 + 4V − 6ξϕ dV (ϕ) dϕ + (4 − 3γ_m)ρ_m − 3π . (4)

Likewise, the energy density and pressure of the quintessence field are

ρ_ϕ =^1_2ϕ̇^2 + V (ϕ) + 3ξ Hϕ(Hϕ + 2ϕ̇), (5)

p_ϕ =^1_2ϕ̇^2 − V (ϕ) − ξ [ 4Hϕϕ̇ + 2ϕ̇^2 + 2ϕϕ̈ + (2Ḣ + 3H^2)ϕ^2 ] . (6)

Obviously, these two reduce to their minimally coupled expressions for vanishing ξ. In terms of the density parameters Ω_m ≡ ρ_m/(3H^2), Ω_ϕ ≡ ρ_ϕ/(3H^2) and Ω_K = −K/(aH)^2, the set of equations (1)–(3) become

Ω_m + Ω_ϕ + Ω_K = 1, (7)

Ω̇_m + 3H ( 2Ḣ 3H^2

+ γ_m + π ρ_m ) Ω_m = 0, (8)

Ω̇_ϕ + 3H ( 2Ḣ 3H^2 + γ_ϕ ) Ω_ϕ = 0, (9)

respectively.

The simplest solution to the system of equations (8)- (9) that solves the coincidence problem is that Ω_m = Ω_{m0} and Ω_ϕ = Ω_{ϕ0} at late times, with Ω_{m0} and Ω_{ϕ0} constants. This automatically implies the stationary condition [12]

γ_m + π ρ_m = γ_ϕ = − 2Ḣ 3H^2

. (10)

It is readily seen that on the stationary solution, Eq.(10), one has K = 0 thereby we shall focus on spatially flat FLRW spacetimes hence forward.

We are interested in obtaining a simplified, analytically integrable model that still retains the essentials of non–minimally coupled approaches and leads to an accelerated phase of expansion at late times. This may be accomplished by choosing for the coupling constant the conformal value ξ = 1/6 and a constant value for the potential, V (ϕ) = V_0. As a consequence, Eqs. (1), (4) and (3) take a very simple form on the stationary solution

3H^2 = (1 + r) [ 1 2 (ϕ̇ + Hϕ)^2 + V_0 ] , (11)

R = 4(1 + r)V_0 , (12)

ϕ̈ + 3Hϕ̇ + ω^2 2 ϕ = 0 , (13)

where r ≡ Ω_m/Ω_ϕ stands for the density ratio, and ω^2 ≡ (4/3)(1 + r)V_0. In deriving (12) we have made use of the fact that the Ricci scalar is R = 6(Ḣ + 2H^2). It is interesting to note that, notwithstanding the potential being a constant, the gravitational interaction induces an effective mass given by m^2_{eff} = ω^2/2 in the effective potential V_{eff} = (ω^2ϕ^2/4) + V_0 of the generalized Klein–Gordon equation. Thereby, in a loose sense, one might associate a particle -the “conformalon”- with the field ϕ.

In order to integrate this system of equations it is expedient to introduce the conformal time η and define a new field ψ as η = ∫ dt a , ψ = ϕ a , (14)

then, Eqs. (11)-(13) become

3(a^′)^2 = (1 + r) [ 1 2 (ψ^′)^2 + a^4V_0 ] , a^{′′} = ω^2 2 a^3, ψ^{′′} = 0 , (15)

where a prime indicates derivation with respect to η.

The general solution of this system of equations is given by

a = √ c sinh ωt, (16)

ϕ = ψ a = √ 2c^2V_0 η + b √ c sinh ωt , (17)

where c and b are arbitrary integration constants, and the initial singularity has been fixed at t = 0. Combining Eq. (16) with the Friedmann equation on the stationary solution, 3H^2 = (1 + r)ρ_ϕ, we get the following expression for the conformal quintessence energy density

ρ_ϕ(t) = V_0 coth^2ωt. (18)

In the late time accelerated regime, its equation of state

p_ϕ(t) = ( 4 3 cosh^2 ωt − 1 ) ρ_ϕ (19)

becomes that of a cosmological constant, and both density parameters Ω_ϕ(t) and Ω_m(t) = rΩ_ϕ(t) asymptotically approach constant values.

Inserting Eq. (16) into Eq. (14) it follows that

η(t) = 2 ω √ c F [ (1 − exp(−ωt))^{1/2} , 1 √ 2 ] , (20)

where F is the elliptic integral of the first kind. The conformal time is a growing monotonic function of t that behaves like √ t close to the singularity and has a finite upper bound

η(∞) = 2K ( 1/ √ 2 ) ω √ c , (21)

where K is the complete elliptic integral and 2K(1/ √ 2) ≃ 3.7.

From Eq. (17) it is apparent that depending on the choice of the constants several cases arise. If b ≠ 0, then ϕ ∝ 1/ √ t for t → 0 while if b = 0, the field has an extremum at the initial singularity. On the other hand, at late times the quintessence field evolves toward the minimum of its effective potential.

The dissipative pressure

π = ρ_m [ −γ_m + 4 3 cosh^2 ωt ] (22)

follows from Eqs. (10) and (16); and the evolution of the ratio π/ρ_m, depicted in Fig. 1, shows that the relative relevance of the dissipative pressure grows with expansion. From the last equation, when γ_m < 4/3, it is seen that there is a critical time t_c given by

cosh^2 ωt_c = 4 3γ_m (23)

that separates the epoch with π > 0 from the one with π < 0. From Eqs. (23) and (16) we see that it corresponds to the redshift

z_c = [ σ ( 4 3γ_m − 1 )]_{−1/4} − 1, (24)

where σ ≡ (sinh ωt_0)^{−2} is a characteristic parameter of the model with t_0 denoting the

“age” of the Universe. As is well-known, the second law of thermodynamics requires π to be non–positive for expanding fluids [14]. This means that our model is valid for t > t_c only ; when t < t_c it describes a fictitious positive pressure contribution implying that any realistic evolution of the universe would yield a corrected value for the critical time t̃_c > t_c. Hence we would obtain a corrected age of the Universe t̃_0 = t_0 − t_c + t̃_c > t_0. This model may describe the growth of dissipative effects within dark matter as a consequence of the development of density inhomogeneities [16]. Its characteristic growth time is given by the inverse of the conformalon mass, i.e., by V_0 and r. In the late time accelerated regime, the transport equation for the dissipative pressure becomes π ≃ −3ζ_bH. So, we obtain for the dissipative coefficient ζ_b ≃ γ_mr[V_0/(3(1 + r))]^{1/2} which satisfies ζ_b ≥ 0 as demanded by the second law.

III. COSMOLOGICAL PARAMETERS

The acceleration of the Universe is usually evaluated by the dimensionless deceleration parameter q = −ä/(aH^2), where q < 0, q = 0, q > 0 describes an accelerating, a linearly expanding (or contracting), and a decelerating universe, respectively. The present value q_0 does not uniquely characterize the current accelerating phase thereby different dark energy models can lead to the same value. Useful additional information is encoded in the statefinder parameters r and s, defined as [17], [18]

r = ...a aH^3 , s = r − 1 3(q −^1_2 )

. (25)

It is to be hoped that the pairs (r, q) and (s, q) will provide an accurate description of the present dynamics of the Universe and give us some insight into the nature of dark energy. This is only natural because r and s are directly connected to the third order term in Taylor’s expansion of the scale factor around its present value [19]. In the case of an expansion given by Eq. (16) these parameters are found to be

q = 1 − α^2 2 , r = 3 − α^2 2 , s = 4 − α^2 3 (1 − α^2)

, (26) in terms of the adimensional ratio

α ≡ ω H = 2 [1 + σ(1 + z)^4]^{1/2}

. (27)

Hence there is a single functionally independent cosmological parameter, and the relationships

r = 2 + q , s = 2 3 r − 1 2r − 5 , (28)

between them hold (the dependence r(s) is depicted in Fig. 2), so that the history of the deceleration parameter completely describes the evolution of this universe. Since q → 1 when t → 0 and q → −1 when t → ∞, this model describes a transition from a nonaccelerated era to an accelerated era in the present Universe (see Fig. 3). As the accelerated phase begins at a time t_{ac}, where sinh(ωt_{ac}) = 1, we have that a_{ac} = √ c,

t_{ac} = 1 ω cosh^{−1} √ 2 = 4.31 √ 1 + σ h Gyr , (29)

where h indicates the current value of Hubble’s constant in units of 100km/s/Mpc and the corresponding redshift is z_{ac} = σ^{−1/4} − 1. For cold dark matter (γ_m = 1), the ratio cosh(ωt_{ac})/ cosh(ωt_c) = √ 3/2 shows that at the commencement of this phase the dissipative pressure was already negative. On the other hand, in virtue of Eq. (27), the age of the Universe can be expressed by

t_0 = 1 ω sinh^{−1} 1 √ σ = 4.31 √ 1 + σ h sinh^{−1} 1 √ σ Gyr, (30)

implying that σ must be lower than unity if the Universe is to be accelerated at present. The time span since the critical time to the present is given by

t_0 − t_c = 1 ω ( sinh^{−1} 1 √ σ − sinh^{−1} 1 √ 3 ) . (31)

The stationary condition (10) shows that γ_ϕ = γ_m at the critical time. Provided that by then the matter is cold, i.e., γ_m = 1 (in the next section we will verify the consistency of this premise) we can assume a smooth extension of our model towards earlier times, as a cold dark matter dominated era for the purpose of obtaining a corrected age of the Universe. Indeed, using Eqs. (24), (26) and (27) we find q(z_c) = 1/2 so that the deceleration parameter of this two-stage Universe is continuous. Hence, imposing the continuity of the matter energy density at the critical time, we have H_c = ω and t̃_c = 2/(3ω). This yields the corrected age

t̃_0 = 1 ω ( sinh^{−1} 1 √ σ − sinh^{−1} 1 √ 3 + 2 3 ) . (32) As shown in the next section, this simple estimate produces a rather satisfactory result.

IV. OBSERVATIONAL CONSTRAINTS

It appears that supernovae of type Ia (SNeIa) may be used as standard candles. Properly corrected, the difference in their apparent magnitudes is related to the cosmological parameters. Confrontation of cosmological models to recent observations of high redshift supernovae (z <∼ 1) have shown a good fit in regions of the parameter space compatible with an accelerated expansion [20, 21, 22, 23, 24, 25]. We note, however, that models like ΛCDM and QCDM usually require fine tuning to account for the observed ratio between dark energy and clustered matter, while our conformalon model, as well as QDDM/QIM models [12], [8], simultaneously provides a late accelerated expansion and solves the coincidence problem.

Ignoring gravitational lensing effects, the predicted magnitude for an object at redshift z in a spatially flat homogeneous and isotropic universe is given by [26]

m(z) = M + 5 log D_L(z), (33)

where M is its Hubble radius free absolute magnitude and D_L is the luminosity distance in units of the Hubble radius,

D_L = (1 + z) ∫_z 0 dz^′ H_0 H (z^′)

. (34) In virtue of Eq. (27) we obtain a representation in terms of the elliptic integral of the first kind

D_L = √ 2 (1 + z) (1 + σ)^{1/2} (1 + i)σ^{1/4} [ F ( (1 + i) √ 2 σ^{1/4}(1 + z), i ) − F ( (1 + i) √ 2 σ^{1/4}, i )] . (35) We have used the sample of 38 high redshift (0.18 ≤ z ≤ 0.83) supernovae of Ref. [21], supplemented with 16 low redshift (z < 0.1) supernovae from the Calán/Tololo Supernova Survey [27]. This is described as the “primary fit” or fit C in Ref. [21], where, for each supernova, its redshift z_i, the corrected magnitude m_i and its dispersion σ_i were computed. We have determined the optimum fit of the conformalon model by minimizing a χ^2 function

χ^2 = N∑ i=1 [m_i − m(z_i; σ, M)]^2 σ^2_i

, (36)

where N = 54 for this data set. The most likely values of these parameters are found to be (σ, M) = (0.2041, 23.93), yielding χ^2_{min}/N_{DF} = 1.104 (N_{DF} = 52), and a goodness–of–fit P (χ^2 ≥ χ^2_{min}) = 0.282. These figures show that the fit of conformalon cosmology to this data set is even better than the fit of the ΛCDM or QDDM/QIM models in spite of the fact that we have at our disposal just one free parameter, namely, σ.

We estimate the probability density distribution of the parameters by evaluating the normalized likelihood

p(σ, M) = exp (−χ^2/2) ∫ dσ ∫ dM exp (−χ^2/2)

. (37)

Then we obtain the probability density distribution for σ marginalizing p(σ, M) over M. This probability density distribution p(σ) is shown in Fig. 4 and it yields σ = 0.224 ± 0.054. We next use Eq. (30) to obtain H_0t_0 = 0.833 ± 0.045. Likewise, taking h = 0.7 ± 0.07 (cf. [28]) we get from Eq. (31) a period since the critical time t_0 − t_c = 7.46 ± 1.03 Gyr, hence a corrected age of the Universe from Eq. (32) of t̃_0 = 12.7 ± 1.4 Gyr. This one standard deviation range for the corrected age of the Universe falls within the 95% confidence age range 11.2 − 20 Gyr derived from the age of the oldest globular clusters and it is fully consistent with the recent estimation of 13.4 ± 0.3 Gyr reported by the WMAP team [29] though the latter was reached on the basis of the standard ΛCDM model.

By resorting to Eq. (26) we obtain q_0 = −0.809 ± 0.043, r̄_0 = 1.191 ± 0.043 and s̄_0 = −0.109±0.030. Assuming γ_m = 1 we get from Eq. (24) the critical redshift z_c = 0.931±0.123.

This figure is consistent with the assumption that matter is already cold at critical time and with the range of redshifts of the supernovae used in the fit. On the other hand, the accelerated expansion era begins at z_{ac} = 0.467 ± 0.093. This value matches the estimation from ΛCDM and the two epoch model of Ref. [30], where the deceleration parameter is constant within each stage.

From Eq. (27) we obtain the frequency parameter ω = 0.129±0.013 Gyr^{−1}, corresponding to a conformalon effective mass m_{eff} = 1.91±0.20×10^{−33} eV; and combined with the current density ratio r_0 ≃ 0.56 ± 0.07 [31, 32, 33] yields V_0 = 8.16 ± 1.69 × 10^{−3} Gyr^{−2}. Finally, from Eq. (22) we get for the current ratio π ρ_m | | | |_0 = σ − 3 3(1 + σ)

= −0.758 ± 0.051, (38)

implying that nowadays the dissipative pressure plays a rather prominent role.

V. COSMOLOGICAL PERTURBATIONS

This section considers the evolution of long-wavelength scalar perturbations of this model. We shall follow the method employed by Perrotta and Baccigalupi in [34, 35] based on the formalism developed by Hwang [36] to describe the evolution of perturbations in the synchronous gauge. In this gauge the perturbed metric takes the form

ds^2 = a^2[−dη^2 + (δ_{ij} + h_{ij} )dx^idx^j ] , (39)

where the tensor h_{ij} represents the metric perturbations and its Fourier transform can be written as

h_{ij} (x, η) = ∫ d^3k e^{ik·x} [ k̂_ik̂_jh(k, η) + (k̂_ik̂_j − 1 3 δ_{ij} )6ζ(k, η) ] . (40)

Here h denotes the trace of the tensor h_{ij} and ζ represents its traceless component -for the sake of brevity we will omit the arguments (k, η) henceforth.

The perturbed Einstein equations read

k^2ζ − 1 2 Hh^′ = − a^2δρ 2 , (41)

k^2ζ^′ = a^2(p + ρ)θ 2 , (42)

h^{′′} + 2Hh^′ − 2k^2ζ = −3a^2δp , (43)

h^{′′} + 6ζ^{′′} + 2H(h^′ + 6ζ^′) − 2k^2ζ = −3a^2(p + ρ)Σ . (44)

where H = a^′/a, and the perturbed density δρ, pressure δp, velocity divergence θ and shear Σ take the form (for a detailed definition of these terms see [34, 37])

δρ = 1 F [ δρ_m + ϕ^′δϕ^′ a^2 − 1 2 F_{,ϕ} Rδϕ − 3 HδF^′ a^2 − ( ρ + 3p 2 + k^2 a^2 ) δF + F^′h^′ 6a^2 ] , (45)

δp = 1 F [ δp_m + ϕ^′δϕ^′ a^2 + 1 2 F_{,ϕ} Rδϕ + δF^{′′} a^2 + HδF^′ a^2 + ( p − ρ 2 + 2k^2 3a^2 ) δF − F^′h^′ 9a^2 ] , (46)

(p + ρ)θ =

(p_m + ρ_m)θ_m F − k^2 a^2F (−ϕ^′δϕ − δF^′ + HδF ) , (47)

(p + ρ)Σ =

(p_m + ρ_m)Σ_m F + 2k^2 3a^2F [ δF + 3 F^′ k^2 ( ζ^′ + h^′ 6 )] , (48)

where F = 1 − (ϕ^2/6). There remains the perturbed Klein-Gordon equation:

δϕ^{′′} + 2Hδϕ^′ + ( k^2 + 1 6 a^2R ) δϕ = ϕ^′h^′ 6 + a^2 2 F_{,ϕ} δR . (49)

where the perturbed Ricci scalar reads

δR = 1 3a^2 ( h^{′′} − 3Hh^′ + 2k^2ζ ) . (50)

It has been shown in Ref. [38] that the density contrast δ ≡ δρ/ρ at large scales grows as η^2 ∼ a during the matter dominated era previous to the critical time t̃_c. Here we investigate the behavior of the large scale density perturbations in the asymptotically de Sitter era. In this regime we have a ≃ (c/2)^{1/2} exp(ωt/2) and

η − η(∞) ≡ Δη ≃ − 2 ωa , (51)

hence H ≃ −1/Δη and ϕ ≃ −(bω/2)Δη for Δη → 0^−, where we have made use of Eq. (17) to obtain ϕ. The solution of the system of equations (41)-(50) at the lowest order in Δη and k^2 is readily found to be

h ≃ DΔη , ζ ≃ − D 6 Δη , δρ ≃ δρ_m ≃ −δR ≃ − ω^2D 4 Δη , δp ≃ δp_m ≃ ω^2D 6 Δη (52)

δϕ ≃ A_1Δη (53)

where the integration constants D and A_1 are functions of the wavenumber k. Thus we find that matter perturbations are dominant at large times and it holds for the perturbation of the energy density ratio δr ≃ δ_m ≡ δρ_m/ρ_m. The density contrast decreases in the late time regime as δ ∝ 1/a, so that it has a peak during the period when viscous pressure grows.

VI. CONCLUDING REMARKS

We have presented a model of late acceleration that fits extraordinarily well the high redshift supernovae data, yields a good prediction for the age of the Universe and solves the coincidence problem. The only free parameter in the supernovae fit takes a natural value, σ = 0.224 ± 0.054.

The dissipative pressure π in dark matter is a key ingredient of our model, and it can attain comparatively large values. Such pressure may arise from the interaction of cold dark matter with itself or the annihilation and/or decay of this component. Different models of cold dark matter that may show these features have been proposed recently -see, e.g., the pedagogical short review of Ref.[39]. No doubt the dissipative pressure inherent to these models may have a profound cosmological impact [40].

The quintessence scalar field has a constant potential and it is non–minimally conformally coupled to the Ricci curvature. In our view, the model possesses two appealing features, namely: (i) an exact and simple solution (Eqs. (16)-(20)), and (ii) notwithstanding the potential is a constant (and consequently plays the role of a cosmological constant), the nonstandard kinetic energy term and the dissipation in the matter allows a stationary regime where the ratio of the energy densities remains constant. Likewise we have calculated the statefinder parameters and have shown that on this regime they are functionally dependent so that in this case the deceleration parameter is enough to describe these solutions.

The present model may describe the growth of dissipative effects within dark matter with some kind of selfinteraction as a consequence of the development of density inhomogeneities after a critical time when these inhomogeneities become large enough. The large scale cosmological density perturbations are seen to decrease in the asymptotic de Sitter phase, with the matter perturbations dominating over the quintessence perturbations.

We believe that because of its simplicity, our conformal quintessence model may serve as a starting point for more complete models that include a nontrivial selfinteraction quintessence potential, consider the approach of the energy density ratio towards this stationary regime, and extend towards earlier times, when dissipative effects within dark matter become negligible.

Acknowledgments

This work has been partially supported by the Spanish Ministry of Science and Technology under grant BFM 2000-C-03-01 and 2000-1322, and the University of Buenos Aires under Project X223.

[1] M. Tegmark et al., preprint astro-ph/0310723, 2003.

[2] Proceedings of the I.A.P. Conference “On the Nature of Dark Energy” held in Paris (1–5 July 2002), edit P. Brax, J. Martin and J.P. Uzan (Frontier Group, Paris, 2002).

[3] Proceedings of the Conference ”Where Fundamental Physics and Cosmology Meet” held in Marseille (23–26 July 2003), edit. V. Lebrun et al. (in the press).

[4] A. Melchiorri, “The death of quintessence?”, In Proc. of the I.A.P. Conference “On the Nature of Dark Energy” held in Paris (1-5 July 2002), edit P. Brax, J. Martin and J.P. Uzan (Frontier Group, Paris, 2002).

[5] C. Wetterich, Nucl. Phys. B302, 668 (1988); B. Ratra and P.E.J. Peebles, Phys. Rev. D 37, 3406 (1988); R.R. Caldwell, R. Dave, and P.J. Steinhardt, Phys. Rev. Lett. 80 1582 (1998).

[6] A. Kamenshchik, U. Moschella, and V. Pasquier, Phys. Lett. B. 511, 265 (2001); N. Bilic, G.B. Tupper and R. Viollier, ibid. 535, 17 (2002).

[7] J. S. Bagla, H.K. Jassal and T. Padmanabhan, Phys. Rev. D 67 063504 (2003). [8] L.P. Chimento, A.S. Jakubi, D. Pavón and W. Zimdahl, Phys. Rev. D 67, 083513 (2003). [9] D. Tocchini-Valentini and L. Amendola, ibid. 65, 063508 (2002); W. Zimdahl, D. Pavón and L.P. Chimento, Phys. Lett. B 521, 133 (2001); W. Zimdahl and D. Pavón, Gen. Relativ. Grav. 35, 413 (2003) [10] E. Gunzig et al., Phys. Rev. D 63, 067301 (2001); V. Faraoni, Int. J. Mod. Phys. D 11, 471 (2002).

[11] V. Faraoni, Phys. Rev. D (in the press), preprint gr-qc/0307086, 2003. [12] L.P. Chimento, A.S. Jakubi and D. Pavón, Phys. Rev. D 62, 063508 (2000); ibid. 67, 087302 (2003).

[13] V. Faraoni, Int. J. Theor. Phys. 40, 2259 (2001).

[14] L. Landau and E.M. Lifshitz, “Mécanique des Fluides” (Editions MIR, Moscou, 1967). [15] J. Triginer, W. Zimdahl and D. Pavón, Class. Quantum Grav. 11 403 (1996); W. Zimdahl, Phys. Rev. D 61, 083511 (2000).

[16] D. Schwarz, in Proceedings of the I.A.P. Conference “On the Nature of Dark Energy” held in Paris (1–5 July 2002), edit P. Brax, J. Martin and J.P. Uzan (Frontier Group, Paris, 2002), preprint astro-ph/0209584.

[17] V. Sahni, T.D. Saini, A.A. Starobinsky, and U. Alam, JETP Lett. 77, 201 (2003). [18] U. Alam, V. Sahni, T.D. Saini, and A.A. Starobinsky, Mon. Not. Roy. Astr. Soc. 344, 1057 (2003), preprint astro-ph/0303009, 2003.

[19] M. Visser, preprint gr-qc/0309109, 2003.

[20] S. Perlmutter, Int. J. Mod. Phys. A 15 S1B, 715 (2000). [21] S. Perlmutter et al., Astrophys. J. 517, 565 (1999). [22] A.G. Riess et al., Astron. J. 116, 1009 (1998).

[23] G. Efstathiou, S.L. Bridle, A.N. Lasenby, M.P. Hobson, and R.S. Ellis, Mon. Not. R. Astron.

Soc. 303 L47 (1999).

[24] S. Perlmutter, M.S. Turner and M. White, Phys. Rev. Lett. 83, 670 (1999). [25] L. Wang, R. Caldwell, J.P. Ostriker, and P.J. Steinhardt, Astrophys. J. 530, 17 (2000). [26] P.J.E. Peebles, “Principles of Physical Cosmology” (Princeton University Press, Princeton, N.J., 1993).

[27] M. Hamuy, M.M. Phillips, J. Maza, N.B. Suntzeff, R.A. Schommer, and R. Avilés, Astrophys.

J. 112, 2391 (1996).

[28] L.M. Krauss, in Proceedings of the ESO-CERN-ESA Symposium on Astronomy, Cosmology and Fundamental Physics, March 2002, preprint astro-ph/0301012, 2003.

[29] D.N. Spergel et al., “First year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Determination of cosmological parameters”, to appear in the Astrophysical Journal, preprint astro-ph/0302209, 2003.

[30] M.S. Turner and A.G. Riess, preprint astro-ph/0106051, 2001.

[31] P. de Bernardis et al., Nature 404, 955 (2000); S. Hanany et al., Astrophys. J. 545, L5 (2000);

C.B. Netterfield et al., Astrophys. J. 571, 604 (2002); C. Pryke et al., Astrophys. J. 568, 46 (2001).

[32] D. Tytler et al., Physica Scripta T85, 12 (2000); J.M. O’Meara et al., Astrophys. J. 552, 718 (2001).

[33] M.S. Turner, Astrophys. J. 576, L101 (2002). [34] F. Perrotta, C. Baccigalupi, Phys. Rev. D 59, 123508 (1999).

[35] F. Perrotta, C. Baccigalupi, S. Matarrese Phys. Rev. D 61 023507 (2000), astro-ph/9906066 (1999) [36] J.C. Hwang, ApJ 375, 443 (1991); J.C. Hwang, Phys. Rev. D 53, 762 (1996); J.C. Hwang, Class. Quantum Grav. 7, 1613 (1990).

[37] C. Ma and E. Bertschinger, Astrophys. J. 455, 7 (1995) [38] J.M. Bardeen, Phys. Rev. D 22, 1882 (1980).

[39] J.P. Ostriker and P.J. Steinhardt, Science 300, 1909 (2003), astro-ph/0306402, 2003. [40] D. Pavón and W. Zimdahl, Phys. Lett. A 179, 261 (1993).

FIG. 1: Selected curves of the ratio dissipative pressure vs energy density of matter π/ρ_m vs the redshift z between the present z = 0 and z = 1. From top to bottom, the curves correspond to parameter σ = 0.3, 0.224, and 0.18 defined by σ = (sinh ωt_0)^{−2}.

FIG. 2: Statefinder parameter r in terms of s, the other member of the pair. The evolution goes from the point (s_c, r_c) = (−∞, 5/2), corresponding to the critical time to the point (s_∞, r_∞) = (0, 1), corresponding to the asymptotically exponential expansion at large times. The present state of the universe corresponds to (s_0, r_0) = (−0.109 ± 0.030, 1.191 ± 0.043).

FIG. 3: Selected curves of the deceleration parameter q vs the redshift z between the present z = 0 and z = 1. From top to bottom, the curves correspond to σ = 0.3, 0.224, and 0.18.

FIG. 4: The estimated probability density distribution (normalized likelihood) for the parameter σ.